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PHASE SEPARATION IN TURBULENT TWO-PHASE FLOW

Francois J. Resch, Institut de Mgcanique Statistique de la Turbulence
University de Provence, Marseille, France
Hans J. Leutheusser, Department of Mechanical Engineering
University of Toronto, Toronto, Ontario, Canada

ABSTRACT
upstream portion of the jump body have now become sur

The paper is based on an experimental study of a
typical instance of bubbly two-phase flow, viz. the

mountable.

air-entraining roller zone of hydraulic jumps in open

in conjunction with digital signal processing methods

channels.

have made it possible to complete the first detailed

The investigation was undertaken with the

In particular, use of hot-film anemometry

aid of hot-film anemometry techniques involving in

evaluation of turbulence parameters in "real" hydrau

stant digitization of analog signals, and delayed

lic jumps (2,3,4).

electronic processing of the tape-recorded data.

is in preparation on the characteristics of the en

Special computer programs were designed to separate

trained air bubbles (5).

the two phases according to a well-defined signal

particular, proved to be crucially dependent upon

threshold.

proper separation of the hot-film output signal into

It is this aspect of the work which is

Similarly, a quantitative study
This latter undertaking, in

its two components corresponding to the two phases

being dealt with in the paper.

of origin.

The method which was employed to accomplish

this is explained in the following.

INTRODUCTION

DEFINITIONS AND EXPERIMENTAL CONSIDERATIONS

The hydraulic jump is a free-surface water flow
phenomenon which has aroused scientific interest ever

Hydraulic jump is the abrupt transition from

since its discovery by Leonardo da Vinci in the six
teenth century.

Yet, while the mean flow of hydraulic

supercritical (F > 1.0) to subcritical (F < 1.0) open-

jumps has been the subject of numerous studies, the

channel flow, where F denotes the Froude number.

turbulence characteristics have, until very recently,

transition is characterized by discontinuities in

remained virtually unexplored.

depth of flow and corresponding formation of a surface

Indeed, it was not

The

until 1959 that Rouse, et al. (1) published the re

roller (see Figure 1).

sults of a first investigation of the apparent inter

entails creation of turbulence of high intensity, en

nal structure of hydraulic jumps using air simulation

trainment of air, and dissipation of kinetic flow en

of the actual water flow.

ergy (6).

The reason for choosing

The experimental study was done in a laboratory

this indirect method is best explained by the re
searchers' own words (1):

The change in state of flow

"Unfortunately, the jump

flume with useful length of 11 m and width of 0.39 m.

will probably be one of the last hydraulic phenomena

Two values of Froude number (referred to inlet Station

to prove susceptible to exploration with the hot-wire

1) were chosen for the experiments, viz. F^ = 2.85 and

instrument, because of the presence of countless fluid

F^ = 6.00, respectively; and each jump was tested with

discontinuities (bubbles of entrained air) in the re

both undeveloped (i.e., quasi-potential) and fully

gion of greatest interest".

developed supercritical inflow.

The very real experimental difficulties which are
posed by the occurrence of bubbly two-phase flow in the
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Previous experiments

had shown that the conditions of jump inflow have a

Figure 1.

Definition diagram of hydraulic jump,

VOLTAGE

a

Figure 2.

Typical hot-film signals originating in
bubbly two-phase flow; (a) F-j = 2.85, un
developed inflow, a = 12.8%; (b) F-j = 2.85,
fully developed inflow a = 13.4%. - Horizon
tal scale: 1 cm = 1.6 milli-seconds; verti
cal scale: 1 cm = 0.88 Volt.
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the critical value of signal threshold.

pronounced effect on the internal structure of hydrau

Determination of the Fluctuation Threshold

lic jumps (2,3,7).
Measurements were made using hot-film anemometry
(8).

A viable concept for determining the fluctuation
threshold proved to be one that is tied to the notion

The anemometer employed was a constant tempera

of void ratio

ture device, and probes included those of conical form

a,

i.e.,

(used for determination of longitudinal fluctuations
and characteristics of two-phase flow), and V-shape
(used for determination of transverse fluctuations and
Reynolds stresses).

In this equation, T q and T^ are the total times spent

On account of the difference in thermal conduc

by the probe in the gaseous and liquid phases, respec

tivity of air and water, hot-film probes in two-phase

tively.

flow function on different voltage levels depending

value of void ratio is directly connected with the

on the particular phase with which they are in contact
(see Figure 2 and References 9 and 10).

critical value of SL.

As a conse

velocity in the liquid phase, i.e., if i <

useless when applied to the exploration of two-phase

a

In order to overcome this difficulty,

a digital method of data treatment was used.

then

= 1.0 and the whole signal would appear to be orig

inating in the gaseous phase.

To this

Conversely, if l were

selected greater than the greatest of the fluctuations

end, the analog output signal of the hot-film probe

of the complete signal originating in the two-phase

was instantaneously digitized by means of a special

flow, i.e., if £ > H

analog-to-digital converter and the result recorded
on magnetic tape for later processing.

For instance, if l were chosen

smaller than the smallest turbulent fluctuation of the

quence, conventional analog metering devices become
flow phenomena.

It is obvious from this definition that the

, then a = 0 and the whole sig-

nal would appear to originate in the liquid phase.

Frequency of

Indeed, if

digitization and length of signal recording were de

is the largest peak-to-peak fluctuation

due to turbulence in the liquid, and if &2

termined on the basis of considerations of the upper

'the

smallest peak-to-peak fluctuation associated with the

and lower bounds of turbulent energy spectra (0.1

passage of an air bubble, then any l in the range

Hz-1250 Hz).

(> < %
< {,„ will assure proper separation of the
1 — cr — 2
signal according to phase of origin and, hence, will

APPLICATION OF THE DIGITAL METHOD TO DISCONTINUOUS
SIGNALS

lead to the correct value of void ratio.
tion of
4.

Principle of Operation

a

The varia

with l is presented schematically in Figure

It is clear from this that the width of the range

#, 1 &cr 1 &2 is variab'le and> particularly in the pre

A schematic presentation of a turbulent signal
originating in two-phase flow of air and water is por

sense of a large number of small bubbles, may shrink

trayed in Figure 3.

to a single point of inflection.

It is clear from this that the

If £-| = &2 one ob_

tains a point of inflexion with a horizontal tangent.

amplitude of any one fluctuation of the signal, i.e.,
the "peak-to-peak distance" between two successive

If 1

extrema, is, on the whole, larger when the probe re

ty fluctuations of the liquid phase may be larger than

> l 2 (which means that amplitudes due to veloci

sponds to the passage of an air bubble than when it

amplitudes due to air bubbles) the point of inflexion

responds to a velocity fluctation of the liquid phase.

will have a non-horizontal tangent.

It is this simple observation which was exploited for

the last case, the value of

separating the signal according to phase of origin.

point of inflexion.

Nevertheless, in

will be taken at this

Practical application of the method of phase sep

Specifically, it suggests to, first, devise a critical
amplitude, or signal threshold &cr which would allow,

aration requires, first experimental determination of

by comparison with all of the successive peak-to-peak

the variation of void ratio,

distances of the signal, a distinction to be made be

nal threshold, H, for various conditions of flow (see

tween a turbulent fluctuation

Figure 5), and then deduction from the data plots of

of the liquid phase and

a,

the occurrence of an air bubble at the probe and, then,

the appropriate values of £

to relegate the necessary continuous decision-making

it should be noted that the computer program which is

process to a digital computer.

to be employed for separating the digitized hot-film

Obviously, the only

.

as a function of sig

In this connection,

signal according to phase of origin must be carefully

major difficulty inherent in the method is selecting

245

a

I l

T T

AIR

AIR

b

Figure 3.

Figure 4.

(a) Schematic presentation of a turbulent
signal originating in bubbly two-phase flow
(b) digitized version of the same signal.

Schematic presentation of the variation of
a with £.
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F-j = 2 . 8 5

Figure 5.

Observations of a = f(A) for various condi
tions of flow.
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designed to account for the many peculiarities which
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Turbulence Dans le Ressaut Hydraulique", La Houille
Blanche,No. 1, 17 (1971).
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98, HY8, 1367 (1972).
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Resch, F. J., and Coantic, M,, "Etude Sur le Film
Chaud et le Film Chaud Dans L'eau", La Houille
Blanche, No. 2, 151 (1969).

9.

Chuang, S. C., and Goldschmidt, V. W . , "The Response
of a Hot-Wire Anemometer to a Bubble of Air in Water",
Proc. Symposium on Turbulence Measurements in Liquids,
Cont. Educ. Series, University of Missouri-Rolla,
p. 88, September, 1969.

are characteristics of hot-film sensing in two-phase
flow.

Thus, the signal must be properly corrected to

obtain the actual probe arrival and departure times
of the bubbles (11).

Other questions which must be re

solved in developing the program concern the phase in
which a probe may be located at the beginning and at
the end of an observation; and the effects which a
sudden jump in signal might have during a recording.
RESULTS OF MEASUREMENTS
Once the two phases have been successfully separ
ated by the method described above, it becomes possi
ble to evaluate numerically the various turbulence
characteristics of the liquid phase, such as turbulence
intensities, Reynolds stresses, etc.; and the charac
teristics of the bubbly two-phase flow, including void
ratio, average size, waiting time between probe arriv
al of successive bubbles, as well as the statistical
distribution of the same quantities.

Work is present

ly under way to prepare a typical set of results ob
tained in the two-phase flow region of hydraulic jumps

10.

Hetsroni, G., and Einav, S., "Some Basic Properties
of Low Quality Two-Phase Turbulent Flow", Proc. Symposium on Turbulence Measurements in Liquids, Cont.
Educ. Series, University of Missouri-Rolla, p. 81,
September, 1969.

11.

Delhaye, J. M . , "Hot-Film Anemometry in Two-Phase
Flow", Proc. Eleventh National ASME/AIChE Heat
Transfer Conference, Minneapolis, Minnesota, p. 58,

for publication (5),
SUMMARY AND CONCLUSIONS
A hot-film method has been developed for separ
ating the phases in bubbly two-phase flow.

In this,

the probe signal is first digitized, and then processed
by a special computer program in which the signal is
compared with a well-defined discriminator.

SYMBOLS

The method

permits simultaneous determination of the turbulence

b

sluice gate opening

characteristics of the liquid phase, and the size para

E

voltage

meters of the gaseous phase.

F

Froude number

The technique has been

successfully applied to a study of hydraulic jumps in
Lj

open channels.
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length of Hydraulic Jump
peak-to-peak fluctuation

^cr
2-1 ,&2 =

fluctuation threshold

TK

total time spent by the probe in phase K
(K = G or L for gaseous or liquid phase)

=

limiting values of fluctuation threshold

t

time

u

average flow velocity

u

velocity fluctuation

Y

depth of flow

a
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H. M. Nagib, Illinois Institute of Technology:

DISCUSSION

I

would like to ask you, how did you decide on the Tq
F. R. Schiebe, USDA Sedimentation Lab:

I would just

and the TL to calculate the a?

I am interested in

like to bring your attention to a paper which I pre

how applicable it is to two-phase flows, let's say in

sented here at the last symposium, in which I made

a bubbly flow in a pipe.

many of the

same measurements using quite different

Resch:

techniques.

I used the conductivity probe for

How did you decide on these?

T q and TL are, respectively, the times spent

by the probe in the gaseous and liquid phase.

Tq and

measuring the air entrainment and transducer coupled

T l are determined by the criterion I have developed in

total head tube for the turbulence.

my talk (i.e. comparing each peak-to-peak amplitude

As I recall, the turbulence data that I took

of the signal to a previously determined critical

corresponded quite well with some data which you pre

amplitude).

sented earlier - downstream of the roller.

a =

had a fully developed inflow.

And I also

The turbulence data

that I took within the roller and under the roller
corresponded quite well with the Rouse pneumatic model.
I was wondering what you have found in the jump itself,
under the roller?
Resch:

Most of my results agreed quite well with those

Schiebe:

T. J. Hanratty, University of Illinois:
quite a different question.
foreign to me.

I want to ask

This field is a little

What is the motivation behind this

Are you interested in predicting the shape of

the jump?
Resch:

I didn't test the undeveloped flow because

This method, of course, is well suited

for bSbblyLtwo-phase flow in a pipe.

work?

of Rouse.

Then, the void ratio a is determined by
.

j

Like I said, there was up to now, no existing

measurement of the turbulence and the kinetic energy

it was quite late in the study when I came across your

dissipated in the hydraulic jump.

earlier paper and I didn't have the clue that the two

understand this phenomenon in more detail.

cases may be different.
One thing that I considered doing and did not do
was to use a spear type conductivity probe, to do much
the same thing you did with a hot film to obtain the
size of the bubbles.

I was disuaded from doing that

by some experience at Argonne Lab in Chicago, which
was related to me.

They found that the smaller

bubbles rolled around the tip of the probe and were
not measured.
Resch:

Of course bubbles smaller than the tip of the

probe cannot be detected, but larger ones, like most
of those in the jump, are taken into account.

In that

sense, miniaturized probes are more suitable for such
a study.
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We just wanted to

